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Summary 
Type IV pilin monomers assemble to form fibers called pili that are required 
for a variety of bacterial functions. The Type IVb structural pilin (PilS) from 
Salmonella typhi is believed to be a major adhesin for entry of this pathogen into 
human intestinal epithelial cells. 
N-terminal truncated PilS was expressed as inclusion bodies in E. coli. The 
protein was purified by Ni-NTA affinity chromatography in denatured conditions and 
further refolded in ice old Tris buffer by rapid dilution method. The refolded protein 
was cleaved with thrombin to remove the HIS tag and then further purified using gel 
filtration. The purified protein can be concentrated to about 1 mM for 
multidimensional NMR studies. 
Near complete backbone assignment was obtained by HNCACB, 
CBCA(CO)NH, HNCO and HN(CA)CO NMR experiments using 13C-15N uniformly 
labeled sample. Aliphatic side chain chemical shifts were obtained by C(CO)NH, 
H(CCO)NH, HCCHTOCSY experiments. Stereo-specific assignment of methyl 
groups of leucine and valine was obtained by analyzing the 10% 13C labeled sample. 
Data analysis based on short and medium-range NOEs, secondary structure prediction 
by chemical shift index, amide proton exchange experiment and 3JHNHα coupling 
constants suggested that PilS has 4 α-helices and 7 anti-parallel β-strands. 
The 3-D structure of PilS was calculated using the NOE restraints, hydrogen 
bonds restraints and dihedral angle restraints. The final structure shows that PilS has a 
     x
similar topology as the recently determined V. cholerae TCP pilin structure but with 
distinct structural differences. The pilin PilS structure from S. typhi will enhance our 
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1. Introduction 
1.1 Introduction to biomolecular NMR 
When a sample is placed in a magnetic field and is subjected to radiofrequency 
at the appropriate frequency, nuclei in the sample will absorb the energy. Absorption 
of energy by the nuclear spins causes transitions between different energy levels. The 
energy absorbed by the nuclear spins induces a voltage that can be detected by a 
suitably tuned coil of wire, amplified and then the signal displayed as free induction 
decay. 
The NMR phenomenon was first detected by Bloch and Purcell independently 
(Bloch, 1946; Purcell 1946). In order to induce magnetic resonance, an oscillatory 
magnetic field has to be applied at the frequency which corresponds to the difference 
between two energy levels of the nuclear spins. This was originally achieved by 
scanning various different frequencies (continuous wave or CWNMR). A major 
breakthrough in NMR history is the concept of Fourier Transform NMR spectroscopy 
(Ernest &Anderson, 1966). In FTNMR, all spins of a particular isotope can be excited 
in one experiment and the resulting resonance signals can then be converted to 
frequency spectrum via Fourier Transform. FT NMR is therefore more time efficient 
and sensitive. 
NMR spectroscopy was firstly used for the structural determination of small 
molecules in organic chemistry. The study of protein by NMR was hampered until late 
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1970s. This is mainly because a large number of protons that a protein contains will 
make the 1D proton spectrum extremely overlapped and largely interpretable. The 
application of 2D spectra makes it possible to study small proteins by NMR. In 
two-dimensional NMR spectroscopy the second dimension is another time domain 
which can be established by introducing another pulse and systemically increasing the 
time between the two pulses.  
 The strategy for protein structure determination by 2D experiments was first 
developed by Wuthrich and his colleagues in the early 1980s (Wuthrich, 1986). Three 
major steps are involved in this strategy. The first step is the sequential assignment of 
the NMR resonance using a combination of COSY/TOCSY and NOESY or ROESY 
spectra. The spin systems for each residue can be identified in the COSY and TOCSY 
spectra. The NOESY or ROESY can be used to establish the sequential connectivity 
by linking spin systems together. The second step is to assign NOE peaks to proton 
pairs based on the previous chemical shift assignment. NOE assignment can then be 
converted to distance constraints between protons. The last step is structural 
calculation by computational techniques (distance geometry and simulated annealing) 
using the obtained constraints. Two dimensional NMR spectra are useful for 
determining structure of proteins with less than 80 amino acid residues. However, 
with increasing molecular weight of protein, the 2D spectra become severely 
overlapped and crowded. This renders it impossible to identify adjacent spin systems 
by only utilizing a single common resonance frequency of the connecting cross peaks. 
 Since 1990s, significant progress has been made for determining protein 
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structures using multidimensional NMR experiments. Compared with NMR structures 
determined 10 years ago, structures being determined today are of much higher 
molecular weight, precision and completed much faster. A lot of technological 
advances are required for the improvements. Some of the most important aspects are 
certainly the availability of high field spectrometers (500-900MHz) and 
multidimensional multinuclear techniques. Equally important are the development of 
multi-channel spectrometer hardware, indirect detection and the application of 
cryoprobes. Other advances include improvements in computers hardware and 
software, plus advances in techniques for calculating protein structures using NMR 
data. 
The introduction of three- and four- dimensional hetero-nuclear NMR 
experiments and the availability of uniformly 15N -13C labeled samples allow one to 
assign the proton, nitrogen and carbon chemical shifts of proteins and protein 
complexes with molecular weight above 25 kDa and to determine their structures in 
solution (Clore and Gronenborn, 2000). Of notable importance is the growing suite of 
3D 1H-13C-15N experiments developed to filter out all but selected coupling between 
backbone atoms. These experiments give rise to uniquely identifiable backbone 
fragments. Overlapping coupling patterns are used to generate overlapped fragments, 
from which the entire protein backbone may be followed in a virtually unambiguous 
manner. Extensive data to complete side chain resonance assignments may then be 
obtained using additional experiments that utilize J-couplings between carbon and 
proton nuclei. The advantages of using hetero-nuclear correlation experiments to 
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obtain resonance assignments are numerous. First, peak overlap is greatly reduced by 
spreading the resonance into an additional dimension. Second, the experiments used 
are highly selective for specific three atom correlation (1H, 13C, 15N). This greatly 
simplified the task of identifying atoms being involved in the correlations. Third, it 
places much less dependency on NOE connectivity, which can be ambiguous in larger 
proteins. Last and perhaps most important, this approach can be automated readily, 
which is of most importance in structural genomics (Montelione, 2000). 
3D NOESY or 4D NOESY spectra are the extension of 2D NOESY spectrum. 
With increasing size of the protein, overlapping of the cross peak becomes 
problematic for the extraction of peak intensities and inter-proton distances from NOE 
cross peaks. This overlapping problem can be partially resolved by the introduction of 
additional frequency dimensions. Resolving NOEs along heteroatoms attached to 
protons yields a large gain in resolution while the number of peaks remains constant. 
Although resonance overlap in 3D spectrum such as 15N-edited NOESY and 
13C-edited NOESY is dramatically reduced compared to that in 2D, interpretation of 
3D spectrum is still not straightforward. Even if the chemical shift frequency is known 
for each proton in the protein after the resonance assignment is completed, these shifts 
are not unique enough to identify a proton. A better way is to introduce a second 
hetero-nuclear dimension in doubly edited 4D NOESY experiments. The most useful 
experiments are 4D 13C-13C and 15N-13Cedited experiments. However, as a result of 
the additional hetero-atom dimension and the longer pulse sequence, these 
experiments are less sensitive compared to their 3D analogues. Nevertheless, 3D and 
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4D NOESY experiments can be combined to unambiguously assign NOE cross peaks, 
which is especially important during the initial phase of NOE assignment.  
In addition to restraints derived from NOE cross peaks, other restraints can 
also be useful for structure calculation and refinement. Hydrogen bond restraints can 
be derived by measuring the protection of amide proton against chemical exchange 
using H/D exchange experiments. The lyophilized 15N protein is dissolved in D2O and 
the protection of amide protons from chemical exchange can be determined by 
monitoring the amide protons signal in 1H-15N correlation experiments. 3JHNHα 
coupling constants and residual dipolar coupling constant are sometimes also 
necessary for deriving dihedral angle and orientation restraints to define the protein 
fold. 
The major difficulty in studying bio-molecules with molecular weights above 
30 kDa is the fast decay of the NMR signal due to relaxation. The line widths in the 
NMR spectra are inversely proportional to relaxation rates and that is why the 
signal-to-noise ratio in NMR spectra of larger molecule is very poor. The line width 
problem can be overcome by the use of 2H-labeling to eliminate 1H mediated 
relaxation pathway or by TROSY (Transverse Relaxation Optimized Spectroscopy) 
method (Pervushin, 1997). By combining these two methods, high-resolution NMR 
spectra of structure with molecular weight above 100 kDa can be recorded. TROSY 
has already been used to map protein/protein interface, to conduct structural studies on 
membrane proteins and to study large multi-molecule assemblies (Pervushin, 2000). 
The most powerful aspect of NMR in the study of structural biology lies in its 
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ability to characterize the overall tumbling and internal dynamics of proteins (Palmer, 
2001). The decay or relaxation of NMR signal is the result of mutual interaction 
between nuclear spins and the environment. The measurement relaxation provides 
information about the dynamical parameters of the overall tumbling and internal 
dynamics. The internal dynamics of a region in a protein structure may correlate with 
induced fit recognition of the binding partners as often observed in protein/protein and 
protein/nucleic acid interactions. Understanding the dynamical properties of a protein 
is as important as its three dimensional structure. 
NMR and X-ray crystallography are the only two methods that can be used to 
study three dimensional molecular structures of protein at atomic resolution. NMR is 
not as powerful as X-ray crystallography in terms of structural determination. 
However, it can provide structural information under natural physiological conditions. 
More importantly, bio-molecular NMR spectroscopy can provide information about 
conformation dynamics and exchange processes of biomolecules at timescales ranging 
from picoseconds to days. Additionally, NMR is efficient in determining ligand 
binding and mapping interaction surfaces of protein/ligand complexes.  
1.2 Type IV pilins and their structures 
An understanding of the molecular basis of human disease enables the 
development of more effective means for prevention and treatment of diseases. 
Among the earliest events in many bacterial infections are molecular interactions that 
occur between the pathogen and host cells. These interactions are typically required 
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for extra-cellular colonization before internalization and may involve a complex 
cascade of molecular cross talk at the host pathogen interface. Colonization is usually 
mediated by adhesins on the surface of microbe. The adhesins are responsible for 
recognizing and binding to specific receptor on host cells. The binding event may 
activate signal transduction cascade in the host cell that has diverse consequences 
including activation of innate host defenses or the subversion of cellular processes 
facilitating bacterial colonization and invasion. In addition to the binding event, many 
others events also activate the expression of new genes in the microbes that are 
important in the pathogenic process. In many cases, adhesins are assembled into 
hair-like appendages called pili that extend out from the surface of bacterium 
(Hultgren, 1996).  Historically, different pilus families are assigned on the basis of 
specificity of host-receptor recognition and sero-activity of antibodies against pilin 
proteins. More recently, pili have been classified according to the deduced amino acid 
sequence of pilin gene and their assembly mechanisms. At least four distinct 
mechanisms have been identified to account for the assembly of pili (Soto and 
Hultgren, 1999). 
1. P pili and type I pili are assembled by chaperone usher pathway, expressed on the 
surface of uropathogenic strains of E. coli and mediate bacterial attachment to host 
cells through specific carbonhydrate binding proteins (Krogfelt, 1990). 
2. Type IV pili were assembled by general secretion pathway (Russel, 1998). 
3. Curli which are produced by many clinical E. coli and Salmonella enteriditis 
isolates are irregular and highly aggregated surface structures. These organelles are 
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assembled by extra nucleation precipitation pathway (Olsen, 1989; Collinson, 1991). 
4. CS1 pili and related structures are assembled by alternate chaperone pathway 
(Sakellaris, 1996). 
Type IV pili are conserved in their major pilin amino acid sequences, they are 
assembled through general secretion pathway and expressed in a divergent collection 
of gram-negative bacteria, including Pseudomonas aeruginosa, Neisseria 
gonorrhoeae, Neisseria meningitidis, Moraxella bovis, Eikellnella corrodens, Vibrio 
cholerae, cynobacterium Synechocystis sp, enteropathogenic E. coli (EPEC), and 
enterotoxigenic E. coli (Hultgren, 1996). Type IV pili are rod-like fibers of 6-7nm in 
diameter and usually polarly and variable lengths. They are relative flexible and 
usually polarly located. 
Many type IV pili play important roles in the attachment of bacterial pathogens 
to membranes of eukaryotic host cells, as do the other pili. Type IV pili are also 
associated with twitching motility (Merz, 2000; Skerker, 2001), social gliding motility 
(Sun, 2000), bacteriophage adsorption (Jouravleva, 1998), and DNA transformation 
(Bradley, 1980; Roncero, 1990). The formation of type IV pilin requires the 
expression of several proteins that are involved in the assembly of these structures, 
including the following: (i) a prepilin peptidase that cleaves a short leader peptides 
from the subunits; (ii) an integral membrane protein located in the inner cytoplasmic 
membrane that may function as a platform for pilus assembly; (iii) a hydrophilic 
nucleotide-binding protein located in the cytoplasm or associated with the cytoplasmic 
face of the inner membrane that may energize secretion by ATP hydrolysis and (iv) an 





   Figure 1.1 Sequence alignment of Type IV prepilins  
        (Clustalw 1.82) (Thompson, 1994) 
R64: Prepilin from Plasmid R64 Type IVb pilus 
PilS: Prepilin from Salmonella typhi Type IVb pilus 
GC: Prepilin from Nesseria gonorrhoeae MS11 Type IVa pilus 
PAK: Prepilin from Psedudomonas auroginosa K strain Type IVa pilus
MC: Prepilin from Nesseria mengitiditis Type IVa pilus 
BfpA: Prepilin from enteropathogenic E. coli Type IVb pilus 
TcpA: Prepilin from Vibrio cholerae Type IVb pilus uter-membrane component that forms a channel allowing the translocation of 
ssembled pili through the outer-membrane. A total of 14 genes have been identified 
hat are sufficient for the biogenesis of type IV pili in a heterologous E. coli host 
Stone, 1996)
In addition to the homologous biogenesis machinery, Type IV pili share similar 
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structural features. Type IV pili are composed of pilin subunits. Pilin molecules from 
various bacteria have high degree of amino acid sequence homology (Figure 1.1). 
They all have a characteristic leader peptide sequence, a highly conserved N-terminal 
hydrophobic domain of 25-30 a.a., and two Cys residues at the C-terminal region. The 
C-terminal amino acid (glycine) of signal peptides and the 5th amino acid of mature 
pilin are conserved among Type IV prepilins. 
Type IV pili are usually divided into two groups. Group IVa consists of pili 
from P. aeruginosa, N. gonorrhoeae, M.bovis, and so on. They are closely related in 
amino acid sequence and produced from prepilin molecules through the cleavage 
signal peptides of 6- to 7- amino acid residues. The N-terminus amino acid of type IVa 
mature pilin is always an N-methylated phenyalanine.  Group IVb pilins differ from 
group IVa by having a longer leader sequence, a variably methylated N-terminus 
residue, and little or no similarity to the type IVa pilins in the C-terminal domain 
(Strom and Lory, 1993). Type IVb pili include the toxin-coregulated pilus (TCP) in V. 
cholerae (Manning, 1997), bundle forming pilus in enteropathogenic E. coli (Girón, 
1997), enteropathogenic E.coli (Bieber, 1998), R64 pilus (Kim, 1997) and S. typhi 
pilus (Zhang, 1997). 
Type IVa pilins  
The Neisseria Type IVa pili mediate attachment to host cells and formation of 
microcolonies, colonization events that can lead to gonorrhea (N. gonorrhoeae) 
(Swanson, 1983) or meningitis (N. meningitidis) (Nassif, 1994). The crystal structure 
of a type IV pilin subunit (PilE) from Neisseria gonorrhoeae has been determined by 
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Parge and coworkers at an atomic resolution of 2.6 Å (Parge, 1995) (Figure 1.2 A). It 
reveals an α/β roll fold with a rather long hydrophobic N-terminal α1-helical spine 
(residues 2 to 54) that gives the molecule an overall ladle shape. Other elements of the 
structure include the following: (i) an extended disaccharide-bound sugar loop 
(residues 55 to 77), with N-acetylglucosamine(1,3)-galactose O linked at position 
Ser-63, (ii) two β-hairpins forming a four-stranded antiparallel β-sheet (residues 78 to 
93 and 103 to 122), (iii) a β2-β3 connecting loop (residues 94 to 102), and (iv) a 
disulfide-containing region (residues 121 to 158), which despite its hypervariable 
nature, appears to be a regular β-hairpin (β5-β6) followed by a loop. Systematic 
modeling of the pilin monomer within the constraints imposed by the available 
biochemical and biophysical data has led to a three-layered model of the type IV pilus 
(Figure 1.3). The outermost hypervariable layer in the proposed fiber model is 
comprised of residues 123 to 143 and 152 to 158, as well as the disaccharide at Ser63, 
from each monomer. The central layer is a continuous 25-stranded β-sheet, made up 
of the four strands from the antiparallel β-sheet as well as the sugar loop from each of 
the five pilin monomers present in each turn. The innermost layer is a parallel 
coiled-coil made up of the highly conserved N-terminal α-helices. A key feature of 
this model is that essentially only the hypervarible and sugar-binding domains of each 
pilin monomer are exposed in the final assembled pilus structure, which may account 
for the antigenic variation that these pili undergo. This model has five pilin monomers 
per helical turn, a rise of about 41 Å and an outer diameter of 60 Å. 
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Figure 1.2 Type IVa pilin structures 
A. Structure of Type IVa pilin from N. gonorrhoeae MS11 
B. Structure of Type IVa pilin from P. auroginosa K                                                
he Type IV pili of P.auroginosa promote twitching motility (Bradley, 1980) 
ctures of C-terminal domain of two closed related pilin from P. aeruginosa 
determined by X-ray crystallography (PAK) (Keizer, 2001) and 
ensional NMR (K-122) (Hazes, 2000). The structure of the full length PAK 
as recently determined by X-ray crystallograpgy and revealed that the 
nal truncated version and full length pilin have an identical head domain 
2003) (Figure 1.2 B). PAK pilin shares a basic fold with pilin from N. 
oeae strain MS11, consisting of a four-stranded anti-parallel sheet packed 
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FIGURE 1.3 Three-layer representation of the modeled N. gonorrhoeae pilus 
fiber.  
(A) Viewed end-on, the three independent layers of the fiber are apparent  (B) The 
outermost hypervariable region consists of a.a. 123–143 and a.a. 152–158 as well 
as the disaccharide at Ser63 (C) End-on view of the central β-sheet layer. (D) Side 
view of the central layer, showing the continuous β-strand hydrogen-bonding 
interactions around the fiber. (E) The end-view of the central coiled-coil layer 
shows that the center of the fiber is quite closely packed. (F) Side view of the 
central helical layer. This parallel coiled-coil formed by the most highly conserved 
sequence of the type-4 pilins, the 85 Å long curved N-terminal a helix from a.a.
1–54. Taken from (Forest and Tainer, 1997) 
 
onto a helix. There are, however, distinct structural differences between them. In 
MS11 pilin, the α-helix is followed by an irregular loop that is glycosylated at Ser68. 
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In PAK pilin, this region forms three minor anti-parallel β-strands instead. Another 
major difference is that the MS11 pilin structure contains two extra β-strands that are 
not seen in PAK pilin structure. Modeling of K-122 monomer NMR structure, 
electrostatic complementarity and x-ray fiber diffraction data produces a similar 
polymer structure to MS11 model. 5 subunits associated to form one turn of the 
helical strand that leads to pilus structure with an outer diameter 52 Å and inner 
diameter 12 Å. However, the K-122 pilus model suggests a left-handed helical twist.  
This model also indicates that DNA or RNA cannot pass through the center of the 
pilus but the possibility for the passage of small organic molecules exists. 
In the K-122 structure, receptor binding sites are only displayed at the tip of 
the pilus which is proposed to be the point of first contact between bacterial and host 
cells (Lee, 1994). Up to five pilin monomers are exposed at the tip, resulting in a 
multivalent receptor binding site which is common for lectin-carbohydrate interaction 
(Rini, 1995). The C-terminal receptor-binding domain of PAK pilin has been studied 
in detail (Campbell, 1997). Extensive structural analysis of free peptides that derived 
from the C-terminal receptor binding domain shows the presence of a type I β-turn 
followed by a type II β-turn. The major host receptors for the PAK pilin C-terminal 
receptor-binding domains are the common cell surface glycosphingolipids asialo-GM1 
and asialo-GM2. The minimal portion of the two receptors recognized by the 
receptor-binding domain consists of the disaccharide βGalNAc(1-4) βGal (Rampal, 
1991; Sheth, 1994; Yu, 1994). 
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 Figure 1.4 Structure of Type IVb pilin from V. cholerae 
Type IVb pilin of TCP from Vibrio cholerae 
The toxin-coregulated pili of V. cholerae belongs to Type IVb pili. TCP 
promote bacterial interactions, allowing V. cholera cells to establish microcolonies on 
the intestinal ephithelia cell (Chiang, 1995; Kirn, 2000). They are receptors for CTXφ, 
the bacteriophage that carries genes encoding cholera toxin (Waldor and Mekalanos, 
1996). The structure of N-terminal truncated TCP pilin from Vibrio cholerae is 
recently determined by X-ray crystallography and it represents a novel pilin fold 
(Craig, 2003)(Figure 1.4). This first Type IVb pilin structure is composed of 4 
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FIGURE 1.5 Side view of the structure-based TCP model  
Left-handed representation of a three-start helix with each start is shown 
in a different color. Taken from (Craig, 2003) 
 
α-helices and a 5-stranded antiparallel β-sheet. Based on structure of the monomer and 
EM data, a three-start helical model was proposed to explain the assembly of Type 
IVb pili. This model is a left handed three-start helix with 6 subunits per turn 
(FIGURE 1.5). The pitch between each helical strand is 45Å and the diameter of the 
pilus is around 80Ǻ. The N-terminal hydrophobic α-helix of each subunit made 
contacts with each other at the core of the pilus to provide mechanical strength.  
Comparison of the pilin structures of these two subclasses (Type IVa and IVb) 
suggested that Type IV pilins share a conserved architectural scaffold. 
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PilS from Salmonella typhi 
Salmonella enterica serovar Typhi is the etiological agent of typhoid fever, a 
serious invasive bacterial disease of human with an annual global burden of 
approximately 16 million cases, leading to 600000 fatalities (Ivanhoff, 1995). Unlike 
other members of S. enterica, S. typhi is restricted in host range to human being. The 
entire genomes of Salmonella strains have been mapped using pulse-field gel 
electrophoresis and shows that S. typhi genome contains additional segments of DNA 
termed pathogenicity islands that are absent in the genome of avirulent S. typhimurium. 
In the major pathogenicity island which is about 118 kb in size, a Pil operon was 
cloned and identified as a type IVb operon (Zhang, 1997). Among the 11 genes of this 
operon, PilS encodes the prepilin structural protein. Further studies suggest that a PilS 
mutant of S. typhi entered human intestinal INT407 cells in culture to levels only 5- 
25% of those of the wild-type strain. The inhibition experiments also indicate that the 
entry of S. typhi into epithelial cells is strongly inhibited by soluble prepilin protein 
(Zhang, 2000). These data suggest that the Type IVb pilin from S. typhi may function 
as an adhesin and interact with an epithelial cell receptor.  
Previously, it was found that Salmonella typhi uses CFTR (Cystic Fibrosis 
Transmembrane Conductance Regulator) to enter intestinal epithelial cells, as 
evidenced by several techniques including inhibition of bacterial uptake by antibodies 
raised against the first extra cellular domain of CFTR (but not other domains), 
competition for entry by cell lysates containing normal CFTR and competition by 
peptides corresponding to the first extra-cellular loop but not the first transmembrane 
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segment (Pier, 1998). Recently, further inhibition experiment suggests that PilS 
actually interact with CFTR to initiate the entry of S. typhi into the intestinal epithelial 
cell.  Soluble prePilS protein inhibits the entry of S. typhi into intestinal epithelial 
cell and this inhibition effect can be neutralized by peptide corresponding to the first 
extracellular domain of CFTR but not a scrambled one (Zhang, 2000). 
1.3 The aim of this study 
To elucidate the molecular fold and architecture of the virulence factor PilS 
from Salmonella typhi will provide a foundation for the understanding of 
host-pathogen interaction of human typhoid fever. The detailed structural information 
of this virulence factor can also aid the rational design of bacterial vaccines and 
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2. Protein expression and purification 
2.1 Introduction 
From the earliest NMR exploration of proteins it is realized that resonance 
overlap is a serious problem in the complete extraction of NMR information. In the 
1960s, Jardetsky et al presented the first general strategy for spectral assignments 
based on selective deuteration of amino acid (Jardetzky, 1965). A few years later, 13C 
and 15N were introduced to facilitate protein NMR studies. The development on this 
aspect was overshadowed by the development of two-dimensional 1H NMR 
techniques applied to proteins in the early 1980s. 
For triple-resonance experiments that contain numerous magnetization transfer 
steps involving 13C-13C and 13C-15N one bond J-coupling, 13C and 15N uniformly 
labeled sample are required in order to obtain maximal sensitivity. From 1980s, with 
the development of molecular biology, it is economical and feasible to introduce 
stable isotope labels into proteins. Many convenient protein expression and 
purification systems are also available commercially. At the same time, the increasing 
number of multidimensional hetero-nuclear NMR experiments is available to solve the 
resonance overlapping problem. Nowadays, a suite of three- and four-dimensional 
experiments are routinely performed on the isotope enriched proteins to achieve the 
resonance assignment. Consequently, the first step in many protein NMR 
investigations is to produce the 13C and 15N enriched protein with an expression 
system and then column chromatographic method are applied to purify the protein. 
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The combination of isotopic labeling and multidimensional, multinuclear NMR 
experiments has extended the molecular weight limit of proteins studied by NMR to 
around 30 kDa. 
2.2. Materials and methods  
2.2.1 M9 medium  
1 liter M9 minimal medium contain: 1g NH4Cl, 1g Glucose, 0.0147g 
CaCl.2H2O, 0.493g MgSO4.7H2O, 7.52g Na2HPO4, 3g KH2PO4, 0.5g NaCl  
2.2.2 Preparation of competent E. coli cells 
 BL21 (DE3) cell was streaked on to LB agar plate from frozen stock and 
incubated at 37 °C for overnight. A single colony on the agar plate was further 
inoculated into 10ml LB and grown overnight at 37 °C. 1ml overnight culture was 
inoculated into 100ml LB and grown until OD600 =0.4. The culture was poured into 50 
ml tubes and spun at 3500 rpm for 10 minutes at 4 °C. The supernatant was discarded 
and the pellet was gently resuspended in 20ml/tube cold glycerol buffer. The cells 
were kept on ice for 30 minutes before it was spun down at 3500 rpm for 10 minutes 
at 4 °C.  The pellet was resuspended into 4ml cold glycerol buffer and incubated on 
ice for 2 hours. The cells can be aliquoted and stored at -80 °C. 
2.2.3 Transformation of competent cells 
100 µl competent cell was thawed on ice before the diluted DNA was added. 
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The cells were kept on ice for 30 minutes. After heat shock at 42 °C for exactly 90 
seconds, the cells were kept on ice for an additional 2 minutes. 900µl LB medium was 
added to the cells and mixed by inverting up and down. The cells need to be incubated 
at 37 °C for 1 hour before plated onto LBA agar plate.  
2.2.4 Expression system 
The expression plasmid pET-H used for producing N-terminal truncated PilS is 
derived from pET-32a (Novagen). In pET-H, Trx tag and S.Tag were removed. Only 
HIS6 tag was left for affinity purification of the fusion protein. The fragment encoding 
PilS 26-181 was inserted between BamH I and EcoR I sites of pET-H. HIS6 tag was 
fused to the N-terminal of PilS. 
2.2.5. Protein expression 
2.2.5.1 Determination of target protein solubility 
A single colony was picked up to inoculate 10ml LB medium containing 
100ug/ml ampicilin (LBA) and grown overnight at 37 °C with shaking. 2.5ml 
overnight culture was further inoculated into 50ml LBA and grown with vigorous 
shaking until the OD600 was about 0.5. 1ml sample (non-induced control) was taken 
out, centrifuged and resuspended in 50µl SDS-PAGE sample buffer. IPTG was added 
to the rest of culture to a final concentration of 0.5mM to induce protein expresssion 
for further 3-3.5 hours. 1 ml sample was collected, centrifuged and resuspended in 
100µl SDS-PAGE sample buffer. The rest of culture was harvested and centrifuged at 
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5000rpm for 10 minutes at 4 °C. The cell pellet can be resuspended in 5 ml lysis buffer 
and further sonicated thoroughly. The lysate was centrifuged at 16000rpm for 20 
minutes. 100µl supernatant (soluble) was taken out and added to 100µl 2 × 
SDS-PAGE sample buffers. A little bit of pellet (insoluble protein) was resuspended in 
200µl 1× SDS-PAGE sample buffer.  
All the 4 samples were boiled for 10 minutes and microcentrifuged. 10µl of 
supernatant was loaded into each lane of the SDS-PAGE gel. 
2.2.5.2 Protein expression 
For unlabeled protein, a single colony of host cell harboring the construct 
pET-H PilS 26-181 was picked up from agar plate and inoculated into 1ml LB 
medium containing 100µg/ml ampicillin. The overnight culture was further inoculated 
into 1 liter fresh medium with the same concentration of ampicillin. The cells were 
grown at 37 °C with vigorous shaking until the O.D.600 reached about 0.5. IPTG (0.5M) 
was then added to a final concentration of 0.5mM to induce the expression for an 
additional 3 hours. The cells were harvested by centrifugation at 5000rpm for 20 
minutes. The cell pellet was kept frozen at -20 °C or directly resuspended in lysis 
buffer for further purification. 
2.2.6 Protein purification 
 2.2.6.1 Pre-column treatment 
Resuspended pellet in 20ml of lysis buffer was sonicated thoroughly and then 
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inclusion bodies and cell debris were spun down at 18000rpm for 30 minutes. The 
supernatant was discarded and the pellet was resuspended in 20ml Ni-NTA column 
binding buffer with 6M guanidine hydrochloride. The insoluble cell debris was 
removed by centrifugation. 
 2.2.6.2 Ni-NTA affinity chromatography 
The soluble denatured protein was loaded into a 10ml charged Ni-NTA resin 
column which had been charged with NiSO4 and equilibrated with binding buffer 
containing 6M guanidine hydrochloride. After the His-tagged protein was bound onto 
the resin, the resin was further washed thoroughly with 30ml washing buffer until the 
absorption at 280nm of the washing was very low. His-tagged protein can be eluted 
out by a small amount of elution buffer with 6M guanidine hydrochloride. For every 
step, 0.5ml sample was collected and dialyzed against water over night before checked 
by SDS-PAGE 
2.2.6.3 Protein refolding 
Rapid dilution method was employed to refold the protein. To refold the 
denatured protein, 2.9ml of ice-old refolding buffer (50mM Tris, pH7.9) was put into 
a test tube with a small magnetic bar on ice. 100µl denatured protein was pipetted 
slowly into the refolding buffer while the buffer was stirred rapidly. This small scale 
refolding was repeated many times and all refolded protein was pooled together. The 
refolded protein was then concentrated using an Amicon stirred-cell concentrator to a 
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volume of around 100ml and dialyze against the refolding buffer to remove the trace 
amount of guanidine hydrochloride. 
2.2.6.4 Thrombin cleavage and gel filtration 
The yield and concentration of refolded protein was estimated by measuring 
absorbance at 280nm. His-tag can be removed by cleavage with thrombin at room 
temperature. The completion of thrombin digestion was checked by SDS-PAGE. The 
digestion was stopped by adding EDTA to a final concentration of 5mM. The digested 
protein was then concentrated to a small volume (about 5ml) before it was loaded onto 
a Sephacryl 100 gel filtration column (300ml).  The mobile phase is 50mM Tris 
buffer (pH7.9) containing 0.5M NaCl. A slow flow rate (0.5ml/min) was used to run 
the column. The fractions with the highest absorbance at 280nm were pooled. The 
purity of the fractions was checked by SDS-PAGE and the most purified fractions 
were pooled and dialyzed in buffer to remove NaCl. The purified protein was buffer 
exchanged to NMR buffer (50mM phosphate buffer with 10% D2O, pH6.0 and 0.5M 
NaSO4) by ultra-filtration using Centriprep3 (Milipore) and concentrated to 0.5ml for 
NMR experiments. 
2.2.7 One dimensional 1H NMR experiment for the 
unlabelled sample 
One dimensional 1H NMR experiment was used to check whether the 
refolding of protein is successful. The sample pH was 6.0 and the temperature was 30 
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℃. 
2.2.8 Stable-isotopic labeling of PilS24 
2.2.8.1 15N uniformly labeled sample 
The production of 15N uniformly labeled sample is similar to that of unlabeled 
sample, except that M9 minimal media containing 15N NH4Cl and 12C glucose as the 
sole nitrogen source and the carbon source was used to grow the cell. Protein 
experiment was induced at a cell OD600 around 0.4-0.5. Long induction time (4 hours) 
is used to increase the yield of expressed protein. 
2.2.8.2 15N-13C uniformly labeled sample and 10% 13C labeled 
sample 
For the 13C-15N double labeled sample, the expression protocol is the same to 
2.2.5.2. The only difference is that 13C labeled glucose instead of 12C glucose was 
used as the sole carbon source. 2 liters of M9 media were needed in order to get 
enough protein for one NMR sample. For the 10% l3C labeled sample, 10% 13C 
labeled glucose and 90% 12C Glucose was used as the sole carbon source in the M9 
media 
 2.2.9 Measurement of protein concentration in solution. 
The protein concentration was determined by measuring the absorbance A280 
and applying the Beer-Lambert law. The absorption coefficient of PilS24 was 
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calculated by the equation (Pace, 1995) (1). The extinction coefficient of PilS24 is 
15720 M-1cm-1. For 1mM protein solution of Pils24, the corresponding A280 is 15.72 
ε ( 2 8 0 ) (M-1 cm-1) = (#Trp)(5,500) + (#Tyr)(1,490) + #Cystine)(l25).   (1) 
2.3. Result  
2.3.1 PilS24 was expressed as inclusion bodies. 
At 37 °C, when the cells grow to the componential phase, the production of 
His-tagged PilS can be induced by adding IPTG to final concentration to 0.5mM. 
After the cells were lysed by sonication and centrifugation, the soluble protein will be 
released into the supernatant while most insoluble protein will be in the pellet. PilS 
was expressed as the inclusion bodies (Figure 2.1). 
 
              1     2    3    4 
 
FIGURE 2.1 PilS was expressed as inclusion bodies. Lane (1) Whole cell  
before induction. Lane (2)Whole cell after3 hours induction. Lane (3) The 
supernant of cell lysate after induction. Lane (4) The pellet of the cell lysate after 
induction 
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2.3.2 Protein purification 
   2.3.2.1 Ni-NTA affinity chromatography 
The affinity chromatography step was used to remove most contaminating 
proteins to facilitate the later purification steps. The inclusion bodies were fully 
dissolved in 6M guanidine hydrochloride. The denatured His-tagged PilS was bound 
onto the Ni-NTA beads through the chelating interaction between the 6 consecutive 
histidine residues and the Nickel ions immobilized on bead. Unbound protein was 
removed by washing the column extensively with binding buffer. Elution buffer 
containing 250mM imidazole was used to elute the bounded His-tagged protein from 
beads. This single step using Ni-NTA affinity chromatography can improve the purity 
















   1     2     3     4    5    6    7   8  
2 Ni-NTA affinity purification. Lane (1) The cell before induction 
hole cell after induction for three hours; Lane (3) Supernatant of the 
e (4) Sample before Ni-NTA column treatment. Lane (5) 
h after binding; Lane (6) First column washing; Lane (7) Second 
ing; Lane (8) Eluted PilS protein from Ni-NTA column     - 27 -
2.3.2.2 Protein refolding and thrombin cleavage 
At 4 °C, the denatured PilS can be refolded by rapid dilution in 50mM Tris 
buffer (pH 7.9). The refolded protein is soluble in Tris buffer. The Guanidine 
hydrochloride can be removed by dialysis against large volume of 50mM Tris buffer 
(pH 7.9). HIS6 tag of the fusion protein can be cleaved by thrombin at room 
temperature for 3 hours. At this step, about 10 ml protein solution with A280 of 1.3 can 
be obtained for labeled sample. 
2.3.2.3 Gel filtration  
 
1     2      3      4     5     6     7       8 
 
FIGURE 2.3 Gel filtration column purification 
Lane (1) Marker; Lane (2) –Lane (8) Fractions with high absorbance at 
280 nm 
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           1     2     3      4     5    6      7      8 
 
FIGURE 2.4 Expression and purification of 15N, 13C labeled PilS24  
Lane(1) Marker; Lane (2) Before induction; Lane (3) Induction for 3.5 hours; Lane 
(4) Pre-column treatment; Lane (5) Ni-affinity column purification; Lane (6) 
Refolding by rapid dilution; Lane (7) Thrombin Cleavage; Lane (8) Gel filtration 
The last gel filtration was used to remove the cleaved his tag (1kDa) and 
thrombin (28kDa). Analysis of the consecutive fractions with high absorbance at 
280nm on SDS-PAGE showed that the single peak was composed entirely of the 
PilS24, with the purity above 95%. At this stage, the protein is normally pure enough 
for NMR analysis (Figure 2.3). 
2.3.2.4 The successful refolding of PilS24 
 The 1-D proton NMR spectrum (Figure 2.5) of purified PilS24 has a large 
dispersion of proton chemical shifts from 10ppm up to -0.2ppm. It is a typical 1-D 
proton spectrum of a folded protein, suggesting that the protein was refolded 
successfully. 
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FIGURE 2.5 1-D Proton NMR spectrum for unlabeled PilS24, 500MHz 
Bruker AMX 
2.3.2.5 The final construct of protein sample 
The following is the final construct of PilS24. The first 9 residues are from vector and 








2. 4. Discussion 
  2.4.1. Expression and purification system 
pET system is the most powerful system yet developed for the cloning and 
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expression of recombinant proteins in E. coli. Target genes are cloned in pET 
plasmids under control of strong bacteriophage T7 promoter; expression is induced by 
providing a source of T7 RNA polymerase in the host cell. T7 RNA polymerase is so 
selective and active that, when fully induced, almost all of the cell resources are 
converted to target gene expression; the desired product can reach more than 50% of 
the total cell protein a few hours after induction. Although this system is extremely 
powerful, it is also possible to attenuate expression levels simply by lowering the 
concentration of IPTG. Decreasing the expression level may enhance the soluble yield 
of some target proteins. Once established in a non-expression host e.g. DH5α, target 
protein expression may be initiated by transferring the plasmid into an expression host 
containing a chromosomal copy of the T7 RNA polymerase gene under lac operator 
control. In this case, expression is induced by the addition of IPTG to the bacterial 
culture. Two types of T7 promoter and several hosts that differ in their stringency of 
suppressing basal expression levels are available, providing great flexibility and the 
ability to optimize the expression of a wide variety of target genes. The pET 
expressions host is lysogenic for bacteriophage DE3, as indicated by DE3 in its name 
and is suitable for production of protein from target genes cloned in pET vectors. 
BL21(DE3) pLysS carries an additional pET-compatible plasmid that encodes T7 
lysozyme, which is a natural inhibitor of T7 RNA polymerase. This strain is used to 
suppress basal expression of T7 RNA polymerase prior to induction and thus stabilize 
pET recombinants encoding target proteins that affect cell growth and viability. 
      pET-H vector is derived from pET-32a (Novagen), in which the TRX tag and 
     - 31 -
S tag were removed and only His tag is left for the convenience of affinity purification 
of fusion protein. The purification system is well developed to have the minimum 
number of efficient purification steps so that the maximum yield of pure protein can 
be obtained quickly, which is very important for the production of 13C, 15N double 
labeled sample. The 6 consecutive histidine residues on the N terminal of the fusion 
protein provide the tag for the Ni-NTA affinity chromatography (Qiagen). The 
advantage of this fusion protein system over others such as GST fusion protein system 
is that His-tagged protein can be purified under native conditions as well as denaturing 
conditions. The thrombin cleavage sites between His-tag and multiple cloning sites 
can be used to remove the His-tag after the first affinity purification step. The last gel 
filtration step is used to remove the cleaved HiS-tag, the trace amount of thrombin and 
other contaminating proteins. 
2.4.2. Protein refolding  
Over-expression of target protein in E. coli as inclusion bodies has some 
advantages over cytoplasmic or periplasmic expression in both fields of research and 
manufacturing. Inactivation of over-expressed heterologous protein as inclusion 
bodies enables host cells to accumulate large amount of protein products without any 
cytotoxicity to the cell. The highly aggregated form of protein in inclusion bodies also 
protects it from proteolytical degradation. Inclusion bodies also simplify the 
downstream purification process since most contaminating proteins in the soluble 
fraction can be discarded during the pre-column steps. The intermolecular association 
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of hydrophobic domain during folding is believed to play a role in the formation of 
inclusion bodies. For proteins with cysteine/cysteine residues, improper formation of 
disulphide bonds in the reducing environment of the E. coli cytoplasm may also 
contribute to incorrect folding and formation of inclusion bodies. 
In order to restore the protein to its unique, functional, three-dimensional 
conformation from inclusion bodies, the denaturing and refolding steps requires to be 
optimized for each protein on a case-by-case basis. Two denaturants are usually 
employed to solubilize the inclusion bodies, namely guanidine hydrochloride and urea. 
Guanidine hydrochloride is a more powerful denaturant than urea, and its solubilizing 
effect on different chemical groups in proteins is different from that of urea. Many 
factors will affect the recovery rate of refolding such as protein concentration, 
temperature, cosolvents, thiol reagent, and refolding methods. Refolding at a low 
protein concentration will generally increase the yield of soluble protein but 
subsequent protein concentration will be tedious. As to the refolding methods, rapid 
dilution or slow dialysis can be used and they have their own advantages over each 
other. 
    2.4.3. Sample labeling 
The advances of molecular biology techniques have facilitated the development of 
biomolecular NMR greatly. The various over-expression systems not only make the 
production of 13C, 15N labeled protein feasible, but also simplify the purification steps 
as well. The most commonly used method for isotopic enrichment of proteins is 
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overexpression in E. coli using minimum medium containing 13C and 15N as the sole 
carbon and/or nitrogen source. E. coli can efficiently take up and incorporate into 
proteins exogenously supplied isotopic-labeled compounds into target proteins. The 
amino acid metabolic pathways of E. coli are also well understood, which allow them 
to be genetically blocked or altered if required to obtain the desired enrichment 
pattern.  
Although the prokaryotic bacterial expression system can be widely used for 
protein expression, many eukaryotic proteins have been found to fold improperly in 
bacteria and therefore cannot be used for structural studies. Lack of post-translational 
modification, such as glycosylation, phosphorylation by the host E. coli is responsible 
for this phenomenon. In that situation, expression in yeast could be an alternative way 
to obtain the folded eukaryotic proteins. 
 2.4.4. Characterization of refolding by one dimensional 
detected proton NMR 
A simple one-dimensional proton NMR experiment, the most basic spectrum 
in NMR spectroscopy that can be acquired in a short period time (usually not longer 
than a few minutes) on protein samples as dilute as 0.01mM, already contains large 
amount of information. An unfolded protein shows a small dispersion of the amide 
backbone chemical shifts. Backbone amide proton of disordered protein tends to 
cluster at 8.3ppm, which is characteristic for backbone amides in random-random-coil 
configuration. On the other hand signal dispersion beyond 8.5ppm (8.5–11ppm) 
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indicates that a protein is properly folded. Because of the different chemical 
environment and, thus, the varying shielding effects, the resonances of the single 
protons will be distributed over a wide range of frequencies. Similarly, in the aliphatic 
region of the spectrum, appearance of peaks upfield of 0ppm also indicates a folded 
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3. 1H, 15N, 13C assignments and secondary 
structure characterization of PilS24 
3.1. Introduction 
The correlation of atom identities to resonance positions (chemical shifts) is 
known as resonance assignment. It is possible to obtain limited information about a 
protein structure without any resonance assignments. One can tell from the dispersion 
of proton chemical shift and the relative ratios of different types of NOE about the 
relative proportions of secondary structure elements in a protein. Nevertheless, 
complete or nearly complete resonance assignments are the prerequisite for further 
structural studies by NMR, including 3D structure determination, protein dynamics 
and protein-ligand interaction. Therefore, the first step in any structure calculation is 
to obtain a complete and accurate list of backbone and side chain resonance 
assignment. 
For small proteins (< 10 kDa) sequential assignment can be done by using 2D 
NMR experiment (Wuthrich 1986). The basic strategy is to first identify the residue 
types of each spin system by 2D COSY and TOCSY experiments. The second step is 
to sequentially link the residue spin systems by 2D NOESY which will provide 
information on the adjacent spin system. Finally, comparison of the linked peptide 
information to the known protein sequence will yield sequence-specific resonance 
assignment. 
With the increasing molecular weight of the protein, the 2D sequential 
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assignment method is not feasible due to spectral overlap. A rapidly expanding 
development in NMR technology to tackle this problem is the use of 15N and/or 13C 
enriched proteins in multidimensional multi-nuclear NMR experiment (Cavanagh, 
1996). The introduction of multi-dimensional NMR experiments and the availability 
of 13C and 15N labeled proteins allow one to assign the proton, nitrogen and carbon 
chemical shifts of proteins and protein complexes with molecular weight well above 
25 kDa. Hetero-nuclear triple resonance experiments exclusively rely on 1J/2J, which 
is independent of protein conformation. As 1J/2J coupling are relatively large, they can 
yield fast coherence transfers that can compete with the loss of magnetization as a 
result of relaxation during the pulse sequence. A growing suite of 3D 1H/13C/15N 
experiments have been developed to filter out all but selected coupling between 
backbone atoms, giving rise to uniquely identifiable backbone fragments. Overlapping 
coupling patterns are used to generate overlapping fragments, from which the entire 
protein backbone can be connected unambiguously. Extensive data to complete side 
chain resonance assignments may be obtained next using additional experiments that 
utilize J-coupling between carbon and proton nuclei. 
In this study, two pairs of 3-D experiments namely HNCACB, CBCA(CO)NH 
and HNCO，HN(CA)CO are used to assign the backbone atoms sequentially. 
CC(CO)NH, H(CCO)NH and HCCH-TOCSY experiments are used to further assign 
aliphatic 1H, 13C spin systems and to link them to the sequentially assigned backbone 
resonances. The secondary structural elements can be identified using Chemical Shift 
Index, J-coupling analysis, hydrogen bond analysis and NOE pattern analysis. 
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3.2. Materials and methods  
  3.2.1 NMR experiments 
 2D 1H-15N-HSQC was used as the reference spectrum. 1H-15N-HSQC, 
15N-NOESY, 13C-NOESY, and 13C-CT-HSQC experiments were carried out on Varian 
Inova 750MHz NMR equipped with a z-axis pulsed field gradient unit and an actively 
shielded triple-resonance probe. All other NMR experiments were carried out on a 
Bruker AVANCE 500 MHz spectrometer equipped with pulse field gradients and 
cryo-probe. Samples were contained in 5mm Shigemi NMR tube and the experimental 
temperature was kept at 30 °C. Data acquired were processed by 
NMRPipe/NMRDraw suite (Delaglio, 1995) and analyzed by NMRView (Johnson, 
1994) 
    3.2.1.1 2D 1H-15N HSQC spectrum 
In the acquired amide proton dimension, 1024 complex points were collected 
over a spectral width of 9476 Hz. 128 increments were acquired in the 15N dimension, 
covering spectral width of 2584.6 Hz. A total of 4 transients were recorded per 
increment and the 15N carrier frequency was placed at 118 ppm. The spectra were 
zero-filled to 1024 ×256 matrix size.  
     3.2.1.2 HNCACB and CBCA(CO)NH 
     The HNCACB experiment correlates the H and N resonance of each amino acid 
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with aliphatic Cα and Cβ resonances of both the same amino acid and the preceding 
amino acid (Wittekind, 1993). Four cross peaks are obtained for each amino acid that 
connect the chemical shifts of HN(i), N(i) with the chemical shifts of Cα(i), Cβ(i) and 
Cα(i-1), Cβ(i-1). In the acquired proton dimension (F1), 1024 complex points were 
acquired over a spectral width of 8012.8Hz. In the 15N dimension (F2), 60 complex 
points were acquired over a spectral frequency of 1400Hz. 92 complex points were 
acquired in the 13C dimension (F3) over a spectral width of 7000Hz covering 
55.65ppm. The 13C carrier frequency was placed at 43ppm. States-TPPI quadrature 
detection was used in the F2 and F3 dimensions. The spectrum was linear predicted in 
both 13C and 15N dimensions and zero-filled to 1024×256×256 points. Sine bell 
squared function was applied to 15N and 13C dimensions. 
     The 3-D CBCA(CO)NH experiment correlates the H and HN resonance of each 
amino acid with aliphatic resonance of the preceding amino acid (Grzesiek, 1993A). 
In the acquired proton dimension (F1), 1024 complex points were acquired over 
spectral width of 8012.8 Hz. In the 15N dimension (F2), 40 complex points were 
acquired over a spectral width of 1400 Hz. 92 complex points were acquired in the 13C 
dimension (F3) over a spectral width of 7000Hz covering 55.65ppm. The 13C and 15N 
carrier frequencies were placed at 43ppm and 117ppm respectively. States-TPPI 
quadrature detection was used in both the F2 and F3 dimensions. The spectrum was 
linear predicted in both 13C and 15N dimensions and zero-filled to 1024×256×256 
points. Sine bell squared function was applied to 15N and 13C dimensions. 
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     3.2.1.3 HNCO and HN(CA)CO 
     HNCO experiment was performed on 15N-13C double labeled samples, which 
provide information on the carbonyl chemical shift of the preceding residue 
(Muhandiram, 1994). HN(CA)CO experiment correlates the chemical shifts of HN(i), 
N(i) and CO(i). Cross peak involving the resonance of CO(i-1) can sometimes be 
observed, depending on the relaxation properties of the protein. 
     In the acquired proton dimension, 1024 complex points were acquired over a 
spectral width of 7002.8Hz for both experiments. In the 15N dimension (F2), 40 
complex points were acquired over a spectral width of 1400 Hz. 80 complex points 
were acquired in the 13C dimension (F3) over a spectral width of 1400 Hz covering 
11.12ppm. The 13C and 15N carrier frequencies were placed at 174ppm and 11ppm 
respectively. States-TPPI quadrature detection was used in both the F2 and F3 
dimensions. The spectrum was linear predicted both 13C and 15N dimensions and 
zero-filled to 1024×256×256 points. Sine bell function was applied to the amide 
proton dimension and sine bell squared function was applied to other two dimensions 
for both experiments. 
     3.2.1.4 C(CO)NH and H(CO)NH 
     For C(CO)NH experiment (Grzesiek, 1993B), 1024 complex points were 
acquired over a spectral width 8012.8Hz in the acquired proton dimension. In the 15N 
dimension (F2), 40 complex points were acquired over a spectral width of 1400Hz. 66 
complex points were acquired in the 13C dimension over a spectral width of 7000Hz 
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covering 55.65ppm. The carrier frequencies of 15N and 13C dimension are 117ppm and 
41ppm respectively. States-TPPI quadrature detection was used in both the F2 and F3 
dimensions. Spectrum was linear predicted in 15N and 13C dimensions and zero-filled 
to 1024×128×256 points. Sine bell function was applied to the amide proton 
dimension and sine bell squared function was applied to other two dimensions. 
       For H(CO)NH experiment (Montelione, 1992), 38 complex points were 
acquired in 15N dimension over spectral width 1400Hz. 110 complex points were 
acquired in the indirectly recorded proton dimension over spectral width 3000Hz 
covering 5.99ppm. The carrier frequencies of these two dimensions are 118 and 4.725 
respectively. States-TPPI quadrature detection was used in both the F2 and F3 
dimensions. Spectrum was linear predicted in 15N and the indirectly recorded proton 
dimensions and zero-filled to 1024×128×512 points. Sine bell function was applied to 
two proton dimensions while sine bell squared function was applied to 15N dimension. 
     3.2.1.5 HCCH-TOCSY 
      HCCH –TOCSY experiment was used to assign aliphatic 1H, 13C spin systems 
by linking them to the sequentially assigned backbone resonances (Kay, 1993). In an 
HnC(i)-…-HmC(j)-spin system a 3D HCCH –TOCSY experiment connects chemical 
shifts H(i), H(j) and C(j).  
1024 complex points were acquired in the directly detected proton dimension 
(F1) over a spectral width 8012.8Hz. 64 complex points were acquired in the 
indirectly detected proton dimension (F2) over spectral width 3000Hz covering 
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5.99ppm. 128 complex points were acquired in the 13C dimension (F3) with a spectral 
width 8600Hz covering 68.3ppm. The carrier frequencies for the both proton 
dimensions were set to 4.725ppm. The carrier frequency of 13C dimension was placed 
at 38.0ppm. States-TPPI quadrature detection was used in the F2 and F3 dimensions.     
     3.2.1.6 1H-13C CT-HSQC and 1H-13C HSQC  
1H-13C CT-HSQC was recorded at 750MHz spectrometer using 13C, 15N labeled 
sample. 
1H-13C HSQC was recorded at 500MHz spectrometer using 10% 13C labeled sample. 
Only proton dimension was decoupled in order to detect the splitting pattern of 13C 
dimension for stereospecific assignment of methyl groups. 
     3.2.1.7 HNHA experiment 
In HNHA experiment, intra-residue 1HN, 15N and 1Hα are correlated. 3JHNHα 
coupling constant relies on a quantitative analysis of the diagonal to cross-peak 
intensity ratio in this 15N-edited HN-Hα experiment (Vuister, 1993) 
1024 complex points were acquired in the direct detected proton dimension 
(F1) over a spectral width 8012.8Hz. 128 complex points were acquired in the indirect 
detected proton dimension (F2) over spectral width 7500Hz covering 10ppm. 76 
complex points were acquired in the 15N dimension (F3) with a spectral width of 
2400Hz covering 32.4ppm. States-TPPI quadrature detection was used in both the F2 
and F3 dimensions. Spectrum was linear predicted in F2 and F3 dimensions and 
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zero-filled to 1024×512×256 points. Sine bell function was applied to two proton 
dimensions while sine bell squared function was applied to 15N dimension. 
     3.2.1.8 H/D exchange measurements 
         Hydrogen bond restraints were obtained by observing the presence of any 
hydrogen-bonded amide proton peaks which were resistant to exchange with 
deuterons in the HSQC spectrum recorded with sample in D2O. HSQC was carried out 
6 hours after buffer change from H2O to 99% D2O (same salt concentration and pH).        
     3.2.1.9. 15N edited NOESY  
This experiment provides NOE correlations between amide protons and others 
protons that are within around 5 Å in space of the amide proton (Zhang, 1994). 1024 
complex points were acquired in the directly detected proton dimension (F1) over a 
spectral width of 8012.8Hz. 256 complex points were acquired in the indirectly 
detected proton dimension (F2) over a spectral width 9000Hz covering 11.9ppm. 76 
complex points were acquired in the 15N dimension (F3) with a spectral width 2400Hz 
to cover 32.4ppm. States-TPPI quadrature detection was used in F3 dimension. 
Spectrum was linear predicted in the indirectly recorded proton dimension and 15N 
dimensions and zero-filled to 1024×1024×256 points. Sine bell function was applied 
to two proton dimensions while sine bell squared function was applied to 15N 
dimension. 
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     3.2.1.10. 13C edited NOESY 
This experiment provides NOE correlations between 13C attached proton in 
both aliphatic and aromatic side chain. 1024 complex points were acquired in the 
directly detected proton dimension (F1) over a spectral width 9000Hz. 256complex 
points were acquired in the indirectly detected proton dimension (F2) over spectral 
width of 5200Hz covering 6.9 ppm. 64 complex points were acquired in the 13C 
dimension (F3) with a spectral width of 4500Hz to cover 23.85ppm. States-TPPI 
quadrature detection was used in F3 dimensions. Spectrum was linear predicted in 13C 
dimension and zero-filled to 1024×512×256 points. Sine bell function was applied to 
two proton dimensions while sine bell squared function was applied to 13C dimension. 
3.2.2 Chemical shift assignment 
     3.2.2.1 Backbone sequential assignment  
Using cross peaks in the 1H-15N HSQC spectra as a reference, all cross peaks 
from HNCACB, CBCA(CO)NH, HNCO, HN(CA)CO, are grouped to clusters based 
on their 1H, 15N chemical shifts. The 1H, 15N pair can be correlated with the 
corresponding Cα, Cβ and CO for i, and i-1 residues. Based on the redundant chemical 
shift information of Cα, Cβ and CO, the clusters can be connected to small fragments 
containing several residues. 4 types of amino acid residues (Ala, Thr, Ser, and Gly) 
have characteristic Cα and/or Cβ chemical shifts. Their spin systems can be assigned 
to residue types. Finally, fragments containing the characteristic residues can be 
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mapped onto the amino acid sequence of the protein by matching the positions of 
those characteristic residues. 
     3.2.2.2 Aliphatic side chain assignment and 
stereospecific assignment 
After all the cross peaks of HSQC have been assigned, the side chain chemical 
shift of every residues can be further assigned using H(CCO)NH, C(CO)NH and 
HCCH-TOCSY experiments. H(CCO)NH will provide the proton chemical shift 
information while C(CO)NH can provide the carbon chemical shift information. 
HCCH-TOCY will provide the information on the link of the proton with its coupled 
carbon.  
All valine and leucine methyl groups were stereo-specifically assigned using 
10% 13C-labeled sample (Szyperski, 1992).     
3.2.3 Secondary structure characterizations 
3.2.3.1 Chemical shift index prediction and 3JHNHα coupling 
constant 
The Cα and Cβ chemical shifts were used to predict secondary structure of the 
protein. Random coil values derived from model G-G-X-A-G-G peptides were used as 
the references (Wishart, 1995).Correction was done for residue adjacent to Pro residue 
to account for the nearest-neighbor effect (Schwarzinger, 2001).  
The 3JHNHα coupling constant can be measured from 3-D HNHA experiments. 
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3JHNHα is directly related to the polypeptide backbone phi angles.  
3.2.3.2 Sequential NOE pattern and short, medium-range NOE 
analysis and hydrogen bond analysis 
The analysis of NOE including short and medium NOE from 15N-NOESY and 
13C-NOESY will give an insight into the secondary structures of the protein.  
Comparisons of HSQC spectra between the sample in D2O (six hours after 
exchange) and in H2O will provide the information on which amides were protected 
by hydrogen bond and resistant to deuterium exchange. 
3.3. Results and discussions 
  3.3.1 Backbone assignment and aliphatic side chain 
assignment 
     3.3.1.1 Backbone assignment 
CBCA(CO)NH and HNCACB experiments provide tandem Cβ and Cα 
chemical shift information. Based on these two experiments, most of the spin systems 
can be connected together. There are still a lot of ambiguities for glycine residues that 
have no Cβ atom as well as other residues that have no signal for their Cβ or Cα atoms. 
HNCO and HN(CA) CO can be used to solve the ambiguity by providing another link. 
Figure 3.1 is the part of the assignment result for residue A58 to residue G65. Near 
complete backbone assignment is completed except for residues T43 and W75. Figure 
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3.2 shows that sequentially assigned amide protons as labeled on the HSQC spectrum.  
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FIGURE 3.1 CA, CB and CO connectivity for a stretch of residues 
from A58 to G65 
A. CO connectivity from HNCO (○1 ) and HN(CA)CO (○2 ) 
B. CACB connectivity from CBCA(CO)NH (○3 )and HNCACB (○4 ) 
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 FIGURE 3.2: The 1H-15N HSQC spectrum of 15N labeled PilS24  
Recorded at pH6.0 and 303 K. The 1H-15N backbone assignments are indicated as 
labels next to amide peaks. 
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     3.3.1.2 Aliphatic side chain assignment  
After sequentially backbone assignment, the aliphatic side chain can be 
assigned based on information from H(CCO)NH and C(CO)NH spectra. These two 
experiments provide information on residue type based on the number of cross peaks 
on every strip (Figure 3.3). Thus, they can also be used to verify the backbone 
assignments. HCCH-TOCSY provides the information necessary for the linkage of 
side chain protons to carbons. The assignment of aliphatic proton and carbon can be 
further verified by 1H-13C-CT-HSQC spectrum (Figure 3.4). 
 
A.                                 B 
FIGURE 3.3 Aliphatic side chain assignments 
A. Strips from C(CCO)NH spectrum ( A58-S64 ) 
B. Strips from H(CCO)NH spectrum ( A58-S64 ) 
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FIGURE 3.4 Selected 1H(F3) and 1H(F1) planes at different 13C(F2) chemical shifts 
of the HCCH-TOCSY spectrum illustrating connectivity originated from 13C 
attached protons of amino acid spin system with long side chain. (V63 as an example) 
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FIGURE 3.5 Methyl regions from 1H-13C- CT-HSQC spectrum  
Recorded at 750MHz and 303K. Assignments of methyl groups are marked next to the 
peaks. 
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3.3.1.3 Stereo-specific assignment of methyl groups of leucine 
and valine 
The biosynthesis of valine and leucine from pyruvate is stereoselective. The 
pro-R methyl group in both amino acids is made using a two carbon unit which the 
pro-S methyl group is made using a one carbon unit. The difference of bio-syntheses 
of methyl groups will lead to the different splitting patterns in proton decoupled 
1H-13C HSQC using 10% 13C labeled sample. Additionally, the labeling patterns are 
characteristic for their individual amino acids or groups of amino acids (Szyperski, 
1992) (Figure 3.6) 
All methyl groups from 5 valines and 9 leucines of PilS24 are 
stereo-specifically assigned (Figure 3.7). 
Val-γ1   Leu-δ1   Ala-β     Ιle-γ2 
Val-γ2   Leu-γ2   Met-ε 




Figure 3.6 13C-13C scalar coupling fine structure for every type of amino-acid 
methyl group 
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FIGURE 3.7 The 1H-13C methyl region of 1H-13C HSQC spectrum of 10% 13C 
labeled PilS24, 303K, pH6.0.  The stereo-specific assignments of vline and lucine methyl protons are labeled. 
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3.3.2 Secondary structure identification 
    3.3.2.1 Chemical shift index 
13C Cα and Cβ chemical shifts of a particular amino acid residue are correlated with 
the secondary structure within which the residue is involved (Spera, 1991). 
Differences between the C α and Cβ chmical shifts from their random coil values can 
also be used to predict the type of secondary structure. Substracting the experimental 
Cα chemical shift with random coil Cα shifts of a protein tends to give a positive 
secondary shift for Cα in helical backbone conformation and a negative secondary 
shift in extended β-strand conformation. This trend is opposite in sign for Cβ 
secondary shifts. By substracting the Cβ secondary shift of a residue from its Cα 
secondary shift this effect is enhanced. The secondary structure of the protein is 
deplayed by plotting Cα –Cβ secondary shift against its residue number (Figure 3.8) 
The chemical shifts of cysteine residues (C110, C147) are 38.75 ppm and 
40.99 ppm respectively, which suggests that a disulphide bond exists between these 
two residues. The Cβ chemical shift of P67, P86 and P106 are 32.07, 32.3 and 32.6 
respectively, suggesting that all the proline residues in PilS24 adopt the trans 
conformation (Grathwohl, 1976). 
    3.3.2.2 NOE analysis 
Short (i.i+1) and medium range (i, i+2; i,i+3; i, i+4) NOEs can provide the 
most direct evidence of secondary structure of a protein. Stretches of dNN(i,i+1), 
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dαN(i,i+3), dαβ(i,i+3) and dαN(i,i+4) connections are characteristics of α-helical regions. 
Stretches of strong dαN(i,i+1) connectivity are characteristic of extended strand. Based 
on NOE analysis, 4 α-helical regions (D15-I31, G45-A55, Q107-R119, A140-S145) 
can be well defined, together with 7 β-strand regions (V63-G65, A72-N76, G80-D87, 
F98-K103, I126-N128, N132-H133, T158-G165) (Figure 3.9). The analysis is 
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backbone carbonyl oxygen is a characteristic of regular secondary structures. In the 
α–helix region hydrogen bonds occur between COi-NHi+4 and in β–sheets a dense 
network of hydrogen bonds occurs between NH and CO from adjacent strands. The 
rate at which amide protons exchanges correlates very well with the manifestation of 
hydrogen bonding in secondary structure. When an amide proton is involved in 
hydrogen bonding, the half-life of its signal can increase by several orders of 
magnitude from five hours to several days/weeks, compared to less than an hour in 
exposed amide (Dempsey, 1986; Torchia, 1989). The observation of slow exchanging 
amides does not allow identification of the hydrogen bond acceptor, though.  
The peaks in HSQC spectrum of PilS24 in D2O experiment can be assigned 
and most of them were in the standard secondary structure region (Figure 3.10). 
Combining with the NOE data and 3JHNHα coupling data, the hydrogen bonds in 
β-sheet region can be defined unambiguously (Figure 3.11)  
The hydrogen bond constraint is usually specified as a range of distance 
between the hydrogen donor and acceptor atoms (1.8-2.1). Linearity of the hydrogen 
bond may also be promoted by using a constraint between the acceptor and donor 
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FIGURE 3.9 The secondary structure analysis based on short- and medium-NOEs and 
3JHNHα coupling constant. The NOE intensities are represented by the thickness of the solid 
bar. J > 8.0 are indicted by black box, J< 5.0 by white box. J between 5.5 and 7.5 is 
represented by partially filled box. 
     - 57 -
  
 
FIGURE 3.10 Hydrogen bond restraints from amide proton exchange 
experiments. The HSQC spectrum is acquired 6 hours after the sample buffer was 
changed to D2O buffer. 
 
 







FIGURE 3.11 Inter-strand NH-NH, NH-Hα NOEs and hydrogen bonds of 
PilS24. NH-NH NOEs are represented by arrow. NH-Hα NOEs are represented by 
straight lines. Hydrogen bond is represented by dashed line.  
3.3.2.4 J coupling constant analysis 
The 3J HNHα coupling constant is related to the backbone dihedral phi angle and 
hus secondary structure of the protein by the Karplus equation (Figure 3.12). As a 
eneral rules of thumb, α-helices exhibit a 3J HNHα < 6Hz, β-sheet exhibit a 3JHNHα > 8 
z and random coiled chain exhibit a 3JHNHα of 6-8Hz. Proline and its adjacent 
esidues are excepted from this rule. 
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3JHNHα coupling constants of only 60% residues can be analyzed from HNHA 
spectrum for PilS24. For other residues, the information is not available due to the 
weak signal or peak overlapping. The final result is plotted along the amino acid 
sequence and shown in Figure 3.8. The result is consistent with other secondary 










 J(phi) = A * cos2(phi - 60) - B * cos(phi - 60) + C 
3
Torsion Angle φ (deg)FIGURE 3.12 Karplus curve and its relation to JHNHα
onclusion 
ear complete backbone chemical shift assignments are obtained by two pairs 
MR experiments. Aliphatic side chain chemical shifts are further obtained by 
OCSY type experiments. The completion of both backbone and side chain 
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chemical shift resonances assignment provided the prerequisite information for later 
NOE assignment. Moreover, the secondary structure prediction based on Chemical 
Shift Index also gives some clues at the initial stage of structure determination. Some 
other structural information is also extracted from the chemical shifts, such as the 
existence of disulphide bond, and the trans/cis conformation of proline residues. The 
stereo-specific assignment of methyl groups of leucine and valine will facilitate to 
generate more exact restraints for side chains that are crucial to define the three 
dimensional high resolution structure of PilS24. 
Information on secondary structure assignment is based on NOE analysis, 
Chemical Shift Index prediction, 3JHNHα coupling constant and hydrogen bond analysis. 
PilS24 is composed of 4 helical regions including (D15-I31, G45-A55, Q107-R119, 
A140-S145), and 7 anti-parallel strands (V63-G65, A72-N76, G80-D87, F98-K103, 
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4. The three dimensional solution structure 
of PilS24 
4.1 Introduction 
The previous chapter describes the assignment of PilS24 and identification of 
its secondary structure based on NOE pattern as well as chemical shift index, 
J-coupling analysis and hydrogen bonds analysis. PilS24 is composed of 4 helical 
regions and 7 stranded anti parallel β-sheet. The identification of long-range 
inter-strand backbone NH-NH, NH-CH, CH-CH NOEs allowed the β-strand region to 
orientate into a well-defined structure. However, the helical regions are packed 
together via side chain-chain contacts rather than backbone-backbone contacts. 
Unambiguous assignment of methyl-methyl, methyl-backbone and methyl-aromatic 
NOEs now is important for defining the overall fold of PilS24. 
In this chapter, the structural calculation based on distance constraints from 
NOE, hydrogen bonds, and dihedral angel constraints will be described. In addition, 
the final ensemble of structures will be shown. A comparison of the structure of 
PilS24 to the recently determined Crystal structure of TCP pilin of Vibrio cholerae 
will also be made. The final three dimensional solution structure will provide 
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4.2. Materials and methods 
  4.2.1 NOE assignment of 15N-edited NOESY and 
13C-edited NOESY 
Most of the cross peaks from the 15N-edited NOESY are unambiguously 
assigned based on the secondary structure information. The assignment of 13C-edited 
NOESY is greatly aided by the symmetry of the spectrum. Some long range 
CH3-CH3 NOEs from 13C-edited NOE peaks can be unambiguously assigned before 
the initial structure is calculated. Once the converged initial structure is calculated 
based on unambiguous NOE assignment, it can be used as a reference structure to the 
further assignment of other NOE peaks. 
  4.2.2 Structure calculations 
     4.2.2.1 NOE restraints 
For the initial structure calculation, NOE distant restraints were generated by 
manually assigned NOE peaks from 15N-NOESY and some unambiguous NOE 
assignments from 13C-NOESY.  The distance upper bounds of the restraints can be 
calibrated to three categories (3.5, 4.5, 5.5 angstroms) according to their peak volumes. 
During the automatic assignment stage by CYANA, the NOE distance restraints were 
calibrated by automated structure based method (Hermann, 2002) 
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     4.2.2.2 Dihedral angle restraints 
Dihedral angle restraints are generated by TALOS (Cornilescu, 1999). TALOS is a 
database system for empirical prediction of phi and psi backbone torsion angles using 
a combination of five kinds (HA, CA, CB, CO, N) of chemical shift assignments for a 
given protein sequence. The TALOS approach is an extension of the well-known 
observation that many kinds of secondary chemical shifts (i.e. differences between 
chemical shifts and their corresponding random coil values) are highly correlated with 
aspects of protein secondary structure. Only restraints in the well defined secondary 
structure region were used. The range of angular restraints was set to two times of that 
predicted range by TALOS. 
     4.2.2.3 Hydrogen bond restraints and disulphide bond 
restraint 
Only hydrogen bonds that can be integrated into the well-defined secondary structure 
regions are used for setting restraints. Two distance restraints are set for each 
hydrogen bond: HN-O (1.8-2.2 Å) and N-O (2.2-3.3 Å). The presence of disulfide 
bond is fixed directly with distance constraints defined by CYANA. 
     4.2.2.4 Structure calculation, energy minimization and 
statistics 
The software DYANA (Güntert, 1997) is used for structure calculation. For the 
initial structure calculation, dihedral angel constraints and unambiguous NOE distance 
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restraints were used to get an ensemble of 10 converged structures without distance 
violation above 0.5 Å and angle violation above 5 °. These 10 converged structures 
were then used as initial structure ensemble for the automatic assignment of NOE 
spectra by CANDID/DYANA (Herrmann 2002). The obtained NOE assignments were 
checked manually and fine tuned until the final ensemble containing 10 structures has 
no violation larger than 0.5 Å or angle violations above 5°. One hundred structures are 
calculated by DYANA using the standard TAD protocol and restraints including NOE 
distance constraints, dihedral angel constraints and hydrogen bonds constraints. 
Twenty structures with the lowest target functions are selected for further energy 
refinement in amber force field using AMBER 7.0 (Case, 2002). The final ensemble 
of 10 structures with the lowest AMBER energy is used to represent the structure of 
PilS24 and the averaged structure is used for display the structure. 
The software MOLMOL (Koradi 1996) is used to display the structures and 
for the measurement the structure statistics. Ramachandran plot analysis is obtained 
using Procheck-NMR (Laskowski 1996). 
4.3 Results 
  4.3.1 Assignment of NOE 
About 95% of cross peak from 15N-NOESY are assigned. For 13C NOESY, 
about 75 % of cross peaks from 13C-NOEST are assigned. The unassigned peaks 
include the NOE peaks from aromatic ring protons, from unassigned side chain 
protons, from the protons with chemical shift near 4.72.  
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          Restraint type                                No. of restraints 
All                                                        2315 
Interproton distance restraint                                   2033  
Intraresidue                                            905 
Sequential ( | i-j | = 1 )                                    534 
Medium range ( 1 < | i-j | < 5)                              225 
Long range(| i-j | > 4 )                                    369 
H-bonds restraints ( two per hydrogen bond )                        76 
Dihedral angle restraints                                        206 
 TABLE 4.1 Summary of the restraints used to calculate the structures 
4.3.2 Structural statistics 
After the DYANA calculation, the ensemble containing 20 structures has no 
distance violation above 0.5 Å or angle violations above 5 °. Subsequent energy 
minimization in amber force field generated a final ensemble containing 10 structures 
with an average AMBER energy of -3658 +/-32 kcal/mol. The backbone RMSD for 
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Structural statistics  
CYANA target function (20 structures)                        1.23+/-0.14 
   Maximum violation for upper limits ( Å )                  0.25+/- 0.08 
   Maximum violation for van der Waals( Å )                 0.15 +/-0.12 
   Maximum violation for torsion angles (deg)                 3.78 +/-0.76 
AMBER total energy (kcal/mol)                             -3658 +/- 32  
R.m.s. deviation from the mean structure ( Å)                                 
Backbone atoms(secondary structure region)                   0.68 
   Heavy atoms (secondary structure region)                     1.10 
Ramachandran plot  
   Most favored                                            68.1 
   Additionally allowed                                      27.6 
   Generally allowed                                         3.0 
   Disallowed                                              1.2 
Table 4.2 Structural Statistics for the CYANA calculation and final ensemble 
4.4 Discussions 
  4.4.1 Description of the structure of PilS24 
The structure of PilS24 is an α/β roll containing 4 α-helices and a 7-stranded 
anti-parallel β-sheet (Figure 4.1). All of the 4 α-helices are located on the same side of 
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the sheet. The extended N-terminal α-helix (α1) is packed against 3 anti-parallel 
β-strands (β3, β4 and β7) to form the hydrophobic core of the protein. Two α-helices 
(α3, α4) are connected by a disulphide bond and packed against the two smaller 
strands (β5, β6) that twisted away from the main hydrophobic core on the edge of 
sheet.  The short α-helix (α2)  is connected to α1 by a loop and is nearly 
perpendicular to α1 in orientation. The packing of α2 against the first two strands (β1, 
β2) make the other edge of the sheet that twisted way to the opposite side compared to 
the disulfide bonded edge. When viewing from the top, the β−sheet formed an 
S-shaped curve (FIGURE 4.2).  
FIGURE 4.1 Stereo-view show the superposition of the backbone atoms for the 
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FIGURE 4.2 Ribbon diagram representation of PilS24 
A. Side view 
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  4.4.2 Full length structure of PilS 
The truncation of hydrophobic domain in the N-terminal helix of PilS is unlikely to 
alter the structure of the PilS head domain. It has been proven that the crystal structure 
of full length PAK pilin and the NMR structure of N-terminal truncated PAK pilin 
have an identical C-teminal globular head domain. PilS should have a long N-terminal 
α-helix for the polymerization of pilin monomer to form pilus. The truncation of the 
N-terminal residues 1-25 of PilS is necessary for generate a monomeric pilin head 
domain for NMR structural studies. 
  4.4.3 Helices 
The orientation among the four helices is summarized in Table 4.3 showing the 
angles between the 4 helices. Helix 1 is nearly perpendicular to helix 2 while helix 3 
and helix 4 are connected by disulphide bond and run nearly anti-parallel to each 
other.  
 
 Helix 1 Helix 2 Helix 3 Helix 4 
Helix 1  107.8 51.9 123.9 
Helix 2 107.8  90.0 108.5 
Helix 3 51.9 90.0  160.6 
Helix 4 123.9 108.5 160.6  
Table 4.3 Angles between helices. ( Angles are calculated by MOLMOL) 
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  4.4.4 β–sheet 
The β–sheet has a characteristic twist in two directions and is composed of 7 
anti-parallel strands from residues 63-65, 72-76, 80-87, 98-103, 126-128, 132-133 and 
158-165. Regular hydrogen bonding are detected between strand 2, strand 3, strand 4, 
strand 7 and stand 5 from amide proton exchange studies discussed in chapter 3. The 
backbone RMSD to mean of the β–sheet region is 0.50 Å, suggesting that the β–sheet 
region is well defined. 
  4.4.5 Unstructured regions and loops 
The first 9 nonnative residues from the cloning vector and the following 6 
residues of PilS24 are unstructured. Other flexible loop regions include residue 35-44, 
66-71, 77-79, 89-96, and 148-157. These regions are poorly defined due to sparse 
NOE peaks. 
  4.4.6 Hydrophobic Core 
The hydrophobic core of PilS24 is formed between the side chains of helix one 
and those from strands 3, 4, 7. Figure 4.3 shows the various residues with the core. 
The core is composed of L20, Y23, L26, A27, I82, V84, F98, I100, T102, L159, F161, 
and Y163. 
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FIGURE 4.3 Hydrophobic core formed by helix 1 and strands 3, 4, 7.  
The hydrophobic side chains of L20, Y23, L26, A27, I82 V84, F98, I100, T102, 




  4.4.7. Proline conformation 
All three Pro residues of PilS24 adopt trans conformation. This is consistent 
with the prediction from the chemical shift values of Cβ values of these 3 proline 
residues. Pro-67 is the first residue of the loop connecting strand 1 and strand 2. Pro86 
lies at the end of strand 3, causing the twist of strand 3. Pro-105 is the residue in the 
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loop that connects the helix 3 and strand 7. 
  4.4.8 Possible residues for binding CFTR 
PilS24 has 20 charged amino acid residues in sequence: 3 Glu, 7 Asp, 8 Lys 
and 2 Arg. The first extra-cellular domain of CFTR (residues 103-117) is identified as 
the binding receptor on human intestinal cells for S. typhi pilus. A 10-residue peptide 
composed of residues 108-117 (SYDPDNKEER) of CFTR was found too be enough 
to inhibit entry of S. typhi into intestinal cells.  This inhibitory effect was not found 
in another 10 residues peptide composed of residues 103-112 (GRIIASYDPD) of 
CFTR, indicating that residues 113-117 (NKEER) of CFTR are essential for S. typhi 
pilus binding. As residues 108-117 of CFTR contains four negatively charged residues 
and two positively charged residues, the binding site for this peptide on PilS is 
expected to contain polar and charged residues, most likely positively charged ones. 
Identifying the possible residues essential for binding CFTR peptides will 
provides the most important clues on how pilus of S. typhi bind onto the receptor of 
epithelial cell. The assembly of pilus from pilin monomer will decide which part of 
the pilin monomer is exposed and be responsible for the binding. A model of pilus of S. 
typhi can be built based on the TCP three start helix model (Figure 4.4). In this model, 
surface of the β-sheet and part of the disulfide-bonded region (D-region) are exposed. 
This suggest that the exposed and charged side chains from D66, D87, K127, D135, 
K137, D141, D146, D150, R153 are very likely to be involved in CFTR binding 
(Figure 4.5).  
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 FIGURE 4.4 A model of PilS pilus assembly.   
a, Each left-handed helical strand of the pilus contain 6 subunits of PilS with their
α-2 interacting with β-4 of an adjacent subunit. α-helices and loops are colored in 
red and β-sheets are colored in cyan.  b, The PilS pilus form a three-start helix 
with a pitch of 30 Å between each helical strand and an outer diameter of around 
95 Å.  The N-terminal hydrophobic helices of each subunit are packed at the 
central core of the pilus. The 3 helical strands of the pilus are colored in red, yellow 
and blue.  Figures prepared with the program MOLMOL 
  









 Molecular surface of PilS24.  
 residues for binding to CFTR peptide are shown. (calculated and 
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  4.4.9 Comparison to other pilin structures 
PilS has a very similar folding topology compared to that of TCP pilin. Both of 
them have an extended N-terminal α–helix which is packed against 3 anti-parallel 
β–strands to form the hydrophobic core of the protein. The disulphide bonded D 
region in PilS24 is similar to TCP pilin by having a pair of α-helices located on top of 
two shorter anti-parallel β-strands. The loop between N-terminal α-helix and the first 
β-strand is termed αβ loop in TCP pilin. This αβ loop can also be found in truncated 
PilS. 
However, there are still some distinct differences between these 2 type IVb 
structures. There are two extra strands at the edge of the β-sheet in PilS, while in TCP 
pilin the corresponding region is replaced with an extended loop of 18 residues. The 
extra two strands are docked by the second helix and cause the sheet to twist in this 
edge. The other difference lies on the length of disulphide bonded D-region. The 
D-region of TCP pilin encompasses 65 residues and is the longest among Type IVb 
pilins.  PilS have the shortest D-regions among Type IVb pilins and consist of only 
36 residues. The extra length in the D-region of Tcp pilin is contributed by two 
extended loops between β3 and β4 (24 residues) and between β4 and α4 (12 residues).  
The corresponding regions in PilS between β5 and β6 and between β6 and α4 are only 
2 and 6 residues in length respectively.  These two extended loops of Tcp pilin are 
highly exposed on the surface of the pilus and cover most of β-sheet at the opposite 
side of the N-terminal α-helix. These loops also contain overlapping epitopes for 
protective TCP antibodies and encompass most of the functional domain residues 
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(Kirn, 2000).  In contrast to Tcp pilin, these loops are relatively short in PilS and 
leaves most of the β-sheet opposite to the N-terminal helix exposed on the surface of 
the pilus. 
A conserved architectural feature has been revealed by the Type IV pilin 
structures. Comparison of the available Type IV pilin structures including MS 11 from 
N. gonorrhoeae, PAK from P. auroginosa, PilS from S. typhi and TCP pilin revealed a 
conserved scaffold of a ladle shaped molecule that contain an extended N-terminal 
long α-helix wrapped by an anti-parallel β-sheet (Figure 4.6). The long α-helix is 
responsible for the polymerization of pilin molecules, while the anti-parallel β-sheet 
can be used to form the surface of cylindrical pilus.  The structural difference 
between Type IVb pilins and type IVa pilins lies on the αβ region and D region. For 
the αβ region, Type IVb members contain a second helix which is perpendicular (or 
nearly perpendicular) to helix 1 in orientation. In contrast, the αβ region of type IVa 
member is composed of a minor 3-stranded sheet (PAK pilin) or a glycosylated loop 
(MS11). The deferences in D region of the two types of pilins are even more 
substantial. In type IVb pilins, the segments between the two cysteines are longer in 
length and comprise two helices and two strands. On the contrary, the disulfide 
bonded region of the type IVa pilins has the last strand of the major β-sheet linked to a 
peripheral C-terminal loop and delineates only a smaller segment. The substantial 
difference between the two subgroups of pilin in the αβ and D-region could account 
for their differences in pilus assembly models of pili as well as the receptor binding 
specificity.  









FIGURE 4.6 Comparison of type IV pilin structures from secondary structure 
diagrams.  
 
The region between the helix and major sheet is shown in yellow. Disulfide bonded 
region is shown in green. Disulfide bond is shown in violet. 
A. Tcp pilin from V. cholerae (Type IVb) 
B. PilS from S. typhi  (Type IVb) 
C. MS11 from N. gonorrhoeae (Type IVa) 
D. PAK from P. auroginosa (Type IVa) 
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Conclusions and future work 
Conclusions 
This study aimed to solve the type IVb pilin PilS structure from Salmonella 
typhi using NMR. The solved structure will provide structural information for rational 
design of drugs or vaccines for the prevention and treatment of human typhoid fever. 
The N-terminal truncated PilS was expressed in E. coli and purified by 
Ni-affinity chromatography, refolded and further purified using gel filtration 
chromatography. The same expression system and purification steps were employed to 
produce isotope labeled sample for the NMR studies. 
Near complete 1H, 13C and 15N backbone and side chain chemical shift 
assignments were obtained using a suite of 3-D NMR experiments. The chemical shift 
assignment provided important information for the later NMR structural studies of 
PilS. 
The Secondary structure analysis based on Chemical Shift Index, short and 
medium NOE analysis, J coupling constant, and hydrogen bonds could define that 
PilS is composed of 4 helices and 7 strands. 
The three dimensional structure of PilS calculated shows an α/β roll fold 
similar to the recently determined X-ray structure of pilin from Vibrio cholera 
toxin-coregulated pilus (TCP).  The conserved and extended N-terminal helix of both 
proteins packed against an anti-parallel β-sheet to form the hydrophobic core of the 
protein.  Both proteins contain an N-terminal αβ-loop and a C-terminal 
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disulphide-bonded region (D-region) at opposite edges of the β-sheet. There are, 
however, distinct differences between structures of the two proteins.  PilS has an 
extra-pair of β-strands in the αβ loop and its D-region is only half the length (36 
residues) of that of TCP pilin (65 residues). Comparison of all 4 type IV lipin 
structures suggested that a conserved scaffold exists among type IV pilins even though 
they have distinct amino acid sequences. 
Future work 
1. The refinement of PilS structure can be done by completing the aromatic ring 
proton assignment. More long range NOEs can be assigned once it is completed. 
2. The structure of PilS and the tentative model of pilus provided the clues on possible 
charged residues that are involved in the binding CFTR peptide. Site-directed mutants 
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